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A variable capacitor 1s disclosed, having a variable capaci-
tance between a first node and a second node. The varnable
capacitor comprises a switch having a first terminal and a
second terminal, the impedance between the first terminal
and the second terminal being controllable via a control
node. The variable capacitor further includes a first capacitor
coupled between the first terminal and the first node, and a
second capacitor coupled between the second terminal and
the second node.
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1
VARIABLE CAPACITOR

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims priority to U.S. Application No.
62/266,869 filed Dec. 14, 2015 and entitled VARIABLE
CAPACITOR, the disclosure of which 1s hereby expressly

incorporated by reference herein 1n 1ts entirety.

BACKGROUND

Field

The present disclosure relates to circuits and modules for
providing a variable capacitance 1n components of wireless
devices, particularly involving radio-frequency (RF) signals.

Description of the Related Art

Many components 1n wireless devices require a change in
capacitance for a given circuit, as well as precise control
over this change and high linearity in order to effectively
work with RF signals. For example, parasitics involved in
the use of a MOS varactor as a variable capacitor make this
approach undesirable for sensitive RF circuits. Additionally,
this approach relies on varying a voltage across the device
to change the capacitance of the device. A varactor by nature

1s limited to a particular Cmax, which may be less than the
required maximum capacitance of a given circuit.

SUMMARY

In some implementations, the present disclosure relates to
a variable capacitor having a variable capacitance between
a first node and a second node. The variable capacitor
comprises a switch having a first terminal and a second
terminal, the impedance between the first terminal and the
second terminal being controlled via a control node. The
variable capacitor further comprises a first capacitor coupled
between the first terminal and the first node, and a second
capacitor coupled between the second terminal and the
second node.

In some embodiments, the switch includes a transistor
having a source coupled to the first terminal and a drain
coupled to the second terminal.

In some embodiments, the control node 1s coupled to a
gate of the transistor. In some embodiments, the control
node 1s coupled to the gate via a first resistor. In some
embodiments, the control node 1s coupled to the source and
the drain via an inverter.

In some embodiments, the control node 1s coupled to the
source via a second resistor and 1s coupled to the drain via
a third resistor.

In some embodiments, the transistor includes a field-
cllect transistor (FET).

In some embodiments, a maximum capacitance of the
variable capacitor 1s at least six times a minimum capaci-
tance of the variable capacitor. In some embodiments, a first
capacitance of the first capacitor 1s substantially equal to a
second capacitance of the second capacitor.

In some embodiments, the variable capacitor further com-
prises an oflset capacitor coupled between the first node and
the second node. In some embodiments, the variable capaci-
tor further comprises a second switch having a third terminal
and a fourth terminal, the impedance between the third
terminal and the fourth terminal being controllable via a
second control node. The variable capacitor further com-
prises a third capacitor coupled between the third terminal
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and the first node and a fourth capacitor coupled between the
fourth terminal and the second node.

In some embodiments, the variable capacitance 1s a sub-
stantially linear function of a control word applied to the first
control node and second control node.

In some embodiments, the switch has a first impedance 1n
an on state 1n response to a high voltage at the control node
and a second impedance in an off state in response to a low
voltage at the control node, the first impedance being
substantially resistive and the second impedance being sub-
stantially a parasitic capacitance.

In some embodiments, the switch, first capacitor, and
second capacitor are implemented on a single die.

In some embodiments, the present disclosure relates to a
variable capacitor module comprising a packaging substrate
configured to receirve a plurality of components, and a
variable capacitor implemented on the packaging substrate,
the variable capacitor having a variable capacitance between
a first node and a second node, the vanable capacitor
including a switch having a first terminal and a second
terminal, the impedance between the first terminal and the
second terminal being controllable via a control node, the
variable capacitor further including a first capacitor coupled
between the first terminal and the first node and a second
capacitor coupled between the second terminal and the
second node.

In some embodiments, the variable capacitor module 1s a
symmetric module with respect to the first node and the
second node.

In some embodiments, the present disclosure relates to an
integrated circuit comprising a first node and a second node,
the integrated circuit having a variable capacitance between
the first node and the second node, one or more control
nodes, the variable capacitance being a function of a control
word applied to the one or more control nodes, one or more
switches respectively controllable via the one or more
control nodes, and one or more capacitor pairs respectively
associated with the one or more switches, each one of the
one or more capacitor pairs having a first capacitor on a first
switch of the associated switch and a second capacitor on a
second side of the associated switch.

In some embodiments, the variable capacitance 1s a sub-
stantially linear function of the control word.

In some embodiments, the integrated circuit further com-
prises a supply node configured to receive a supply voltage.

In some embodiments, the present disclosure relates to a
wireless device comprising a transceiver configured to gen-
erate a radio-frequency (RF) signal and a front-end module
(FEM) 1 communication with the transceiver. In some
embodiments the FEM 1includes a packaging substrate con-
figured to recerve a plurality of components, and the FEM
further includes a variable capacitor implemented on the
packaging substrate. In some embodiments, the variable
capacitor has a variable capacitance between a first node and
a second node, the variable capacitor includes a switch
having a first terminal and a second terminal, the impedance
between the first terminal and the second terminal being
controllable via a control node, and the vanable capacitor
further 1includes a first capacitor coupled between the first
terminal and the first node and a second capacitor coupled
between the second terminal and the second node. In some
embodiments, the wireless device further includes an
antenna 1n communication with the FEM, the antenna con-
figured to transmit an amplified version of the RF signal
received from the transmitter system.

In some embodiments, the wireless device comprises a
controller configured to control the switch.
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For purposes of summarizing the disclosure, certain
aspects, advantages and novel features of the inventions
have been described herein. It 1s to be understood that not
necessarily all such advantages may be achieved 1n accor-
dance with any particular embodiment of the invention.
Thus, the invention may be embodied or carried out in a
manner that achieves or optimizes one advantage or group of
advantages as taught herein without necessarily achieving
other advantages as may be taught or suggested herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a circuit diagram of an example variable
capacitor, 1n accordance with some 1mplementations.

FIG. 2A shows a circuit diagram of an example variable
capacitor that includes a transistor as part of a switch
disposed between two capacitors, 1n accordance with some

implementations.

FIG. 2B shows a circuit diagram of an example variable
capacitor that includes multiple transistors as part of a
switch disposed between two capacitors, in accordance with
some 1mplementations.

FIG. 3A shows a circuit diagram of the vanable capacitor
of FIG. 1 1 an on state, 1n accordance with some 1mple-
mentations.

FIG. 3B shows a circuit diagram of the varnable capacitor
of FIG. 1 1 an off state, 1n accordance with some 1mple-
mentations.

FIG. 4 shows a circuit diagram of an example variable
capacitor configuration that includes multiple variable
capacitance elements 1n parallel, 1n accordance with some
implementations.

FIG. 5 shows a circuit diagram of an example variable
capacitor configuration that includes multiple variable
capacitance elements and transistors in parallel, 1n accor-
dance with some implementations.

FIG. 6 depicts an example module having one or more
advantageous features described herein.

FIG. 7 depicts an example wireless device having one or
more advantageous features described herein.

DETAILED DESCRIPTION OF SOME
EMBODIMENTS

The headings provided herein, 1f any, are for convenience
only and do not necessarily affect the scope or meaning of
the claimed invention.

FIG. 1 shows a circuit diagram of an example variable
capacitor 100 that includes a switch 120 disposed between
two capacitors 111, 112. The varniable capacitor 100 includes
a first node 101, a second node 102, and a control node 103.
The wvariable capacitor 100 has a variable capacitance
between the first node 101 and the second node 102 that
varies according to the voltage applied to a control node 103.

The switch 120 has a first terminal 121 and a second
terminal 122. The impedance of the switch 120 changes
according to the voltage applied to the control node 103 (and
to a control terminal of the switch). In a closed state (in
response to a first voltage applied to the control node 103,
¢.g., a low voltage such as approximately 0 volts 1n the case
of pMOS FET transistor), the switch 120 acts as an electrical
short with a parasitic resistance. In an open state (1n response
to a second voltage applied to the control node 103, e.g., a
high voltage such as approximately 5 volts 1n the case of
pMOS FFET transistor), the switch 120 acts as an electrical
open with a parasitic capacitance.
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FIG. 2A shows a circuit diagram of an example variable
capacitor 200 that includes a transistor 221 as part of a
switch 220 disposed between two capacitors 111, 112. The
variable capacitor 200 includes a first node 101, a second
node 102, and a control node 103. The variable capacitor
200 has a vaniable capacitance between the first node 101
and the second node 102 that varies according to the voltage
applied to a control node 103.

The switch 220 includes a transistor 221 having a source,
gate, and drain. The transistor 221 can be, for example, an
nMOS transistor. In some embodiments, the transistor 221
can be other types of transistors, such as a BJT transistor or
other types of FET ftransistors.

The first capacitor 111 1s disposed between the source of
the transistor 221 and the first node 101. The second
capacitor 112 1s disposed between the drain of the transistor
221 and the second node 102. The gate of the transistor 221
1s coupled to the control node 103 via a resistor 233. The
resistor 233 may be of very high resistance, e.g., 10 k€2 of
more, such that, at the frequency of interest, the resistor 233
acts as an open circuit.

The source and drain of the transistor 221 are coupled to
the control node 103 via respective resistors 231, 232 and an
inverter 240. The resistors 231, 232 may be of a very high
resistance, e.g., 10 k€2 of more, such that, at the frequency
ol interest, the resistor 231, 232 act as an open circuit. Thus,
the gate and channel of the transistor 221 are cross-biased or
inverse biased. In particular, the source and drain of the
transistor 221 are each biased at opposite logic levels than
the gate of the transistor 221. The DC voltage levels at the
source and drain of the transistor 221 are 1solated from
circuitry coupled to the first node 101 and second node 102
by the first capacitor 111 and the second capacitor 112.

FIG. 2B shows a circuit diagram of an example variable
capacitor 250 that includes multiple transistors 261, 262 as
part of a switch 260 disposed between two capacitors 111,
112. The vanable capacitor 250 includes a first node 101, a
second node 102, and a control node 103. The wvariable
capacitor 250 has a variable capacitance between the first
node 101 and the second node 102 that varies according to
the voltage applied to a control node 103.

The first capacitor 111 1s disposed between the source of
the first transistor 261 and the first node 101. The second
capacitor 112 1s disposed between the drain of a second
transistor 262 and the second node 102. The gate of the each
of the transistor 261, 262 1s coupled to the control node 103
via respective resistors 273, 274. The drain of the first
transistor 261 1s coupled to the source of the second tran-
sistor 262. The source and drain of each transistor 261, 262
are coupled to the control node 103 via respective resistors
271, 272, 275 and an inverter 240.

FIGS. 3A and 3B show equivalent circuit diagrams of the
variable capacitor 100 of FIG. 1 in an on state and an off
state, respectively. In the on state, shown 1in FIG. 3A, the
switch acts as a parasitic resistance 310 and the variable
capacitance of the variable capacitor 301 1s the capacitance
of the first capacitor 111 and second capacitor 112 1n series.
In particular, the variable capacitance, C,, 1s approximately
equal to the inverse of the sum of the mnverse of the
capacitance of the first capacitor, C,, and the inverse of the
capacitance of the second capacitor, C,. Thus, C,, =(1/C,+
1/C.,)"". In some embodiments, the capacitance of the first
capacitor 111 1s approximately equal to the capacitance of
the second capacitor 112. Thus, C;  =C,/2.

In the off state, shown 1n FIG. 3B, the switch acts as a
parasitic capacitance 320 and the variable capacitance of the
variable capacitor 302 1s the capacitance of the first capaci-
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tor 111, second capacitor 112, and parasitic capacitance 320
in series. In particular, the variable capacitance, Cy, 4 1s
approximately equal to the inverse of the sum of the inverse
ol the capacitance of the first capacitor, C,, the imnverse of the
capacitance of the second capacitor, C,, and the inverse of
the parasitic capacitance, Cp. Thus, Cyp—~(1/C +1/Cy+1/
C,)"'. In some embodiments, the parasitic capacitance is
caused by the capacitance between the gate and source of a

transistor, C_ ., and the capacitance between the gate and

drain of the transistor, C_,. Thus, in some embodiments,
CV:(I/Cl+1/C2+1/Cg5+1/ng)‘l. In some embodiments, the

gate-source capacitance and gate-drain capacitance are
equal. Thus, in some embodiments, Cp, ~(1/C,+1/C,+2/
Cgs)‘l. In some embodiments, the capacitance of the first
capacitor 111 1s approximately equal to the capacitance of
the second capacitor 112. Thus, CVGﬁ=(2/C1+2/Cg5)'l.
Because the parasitic capacitance 1s small, in some
embodiments, the ratio of the maximum capacitance (C, )
to the minimum capacitance (Cy,z) 1s siX or greater. The
parasitic capacitance may be smaller (and the ratio higher)

in cases when multiple transistors are used in series, €.g., as
in FIG. 2B.

FIG. 4 shows a circuit diagram of an example variable
capacitor configuration 400 that includes multiple variable
capacitance elements in parallel. The variable capacitor
configuration 400 includes a vanable capacitor 410 and a
controller 450. The variable capacitor 410 includes a plu-
rality of variable capacitance elements of the type shown in
FIG. 1 connected 1n parallel. In some embodiments, the
variable capacitor 410 further includes an optional oflset
capacitor 413 connected 1n parallel. In some embodiments,
the variable capacitor 410 does not include offset capacitor
413.

The vanable capacitor 410, which may be implemented as
an 1ntegrated circuit on a single die, has a first node 401, a
second node 402, and a plurality of control nodes 403a-
403d. The variable capacitor 410 has a variable capacitance
between the first node 401 and the second node 402 that
varies according to a control word applied to the control
nodes 403a-403d by the controller 450.

Each of the variable capacitance elements includes a
switch 420aq-4204 disposed between a respective first
capacitor 411a-4114d and a respective second capacitor 412a-
412d. In some implementations, the capacitance of each first
capacitor 411a-411d 1s substantially equal to the capacitance
of the corresponding respective second capacitor 412a-
412d. For example, the capacitance of first capacitor 411a 1s
substantially equal to the capacitance of second capacitor
412a. In some implementations, the capacitance of each first
capacitor 411a-411d 1s not equal to the capacitance of the
corresponding respective second capacitor 412a-412d. In
some 1mplementations, a respective first capacitor (e.g.,
4115) of a parallel branch of the variable capacitor 410 1s
substantially equal to the capacitance of a corresponding
respective second capacitor (e.g., 412b), but 1s not equal to
the capacitance of another first capacitor (e.g., 411c) of
variable capacitor 410. In other words, 1n some 1mplemen-
tations, the variable capacitance ol a respective parallel
branch differs from the variable capacitance of another
parallel branch of the variable capacitor 410.

The maximum capacitance of the varnable capacitor 410,
denoted C_ . may be many times the minimum capacitance
of the variable capacitor 410, denoted C_ . . For example, the
maximum capacitance may be at least six times the mini-
mum capacitance. The minimum capacitance can be

increased (and the ratio of the maximum capacitance to the
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minimum capacitance decreased) by increasing the capaci-
tance of the oflset capacitor 413.

The maximum capacitance of the variable capacitor 410
1s approximately equal to the sum of the maximum capaci-
tances of the variable capacitance elements, denoted C_
through C_ . and the capacitance of the oflset capacitor
413, denoted C g4, Thus, C,  =C_, _+C, ,+C, +C_ .+
Copmer S1milarly, the minimum capacitance ot the variable
capacitor 410 1s approximately equal to the sum of the
minimum capacitances ol the variable capacitance elements,
denoted C_,., through C ., and the capacitance ot the
offset capacitor 413. Thus, C,,=C_» +C_ z,+C z +C_ - +
C,mer 1he capacitance of the variable capacitor 410 can

changed to various values between C_ . and C_ by turning
on or off

QFl =

various variable capacitance elements. For
example, the capacitance of the variable capacitor 410 can
be set to Cﬂﬁa+CPﬂ_b+Cﬂﬂ_c+.Cﬂﬁ; +C oo DY tUrning f:'J:T the
first and final variable capacitance elements and turning on
the middle variable capacitance elements. In general,

C = Coin + ) @n(Conn = Co 1) = Cin + ) G,

wherein a, represents the bits of the control word. By
selecting AC  for each variable capacitance element to be
twice that of the previous vanable capacitance element 1n a
binary fashion, the capacitance of the variable capacitor 410
can be a substantially linear function of the control word.

FIG. 4 illustrates the implementation of four parallel
capacitance branches 1in variable transistor 410, however any
number of parallel branches can be implemented in a
variable capacitor as described in this disclosure.

FIG. 5 shows a circuit diagram of an example variable
capacitor configuration 500 that includes multiple variable
capacitance elements 1n parallel including transistors. The
variable capacitor configuration 300 includes a variable
capacitor 310 and a controller 550. The variable capacitor
510 includes a plurality of variable capacitance elements of
the type shown 1n FIG. 2A connected 1n parallel. In some
embodiments, the variable capacitor 510 further includes an
optional offset capacitor 513 connected 1n parallel. In some
embodiments, optional oifset capacitor 513 provides a mini-
mum capacitance value for variable capacitor 510. For
example, a particular circuit may require a minimum capaci-
tance value higher than the capacitance derived from the
parallel variable capacitance elements.

The vanable capacitor 510, which may be implemented as
an integrated circuit on a single die, has a first node 501, a
second node 502, a plurality of control nodes 503a-503c,
and a supply node 504 for receiving a supply voltage that
powers the mverters 540a-540c¢. The variable capacitor 510
has a variable capacitance between the first node 501 and the
second node 502 that varies according to the control word
applied to the control nodes 503a-503¢ by the controller
550.

Each of the variable capacitance elements includes a
transistor 3520a-520¢ disposed between a respective first
capacitor S11a-511¢ and a respective second capacitor 512a-
512¢. In particular, each first capacitor 311a-511c¢ 1s dis-
posed between the first node 501 and the source of a
respective transistor 520a-520¢ and each second capacitor
512a-512c¢ 15 disposed between the second node 502 and the
drain of the respective transistor 520a-520¢. Each control
node 303a-503¢ 1s coupled to the gate of a respective
transistor 520a-520¢c via a resistor 333a-3533¢ and to the
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source and drain of the respective transistor 520a-520c¢ via
a respective inverter 540a-540¢c and resistors 531a-531c,
532a-532c.

In some 1mplementations, the capacitance of each first
capacitor 511a-511d 1s substantially equal to the capacitance
of the corresponding respective second capacitor 3512a-
512d. For example, the capacitance of first capacitor 511a 1s
substantially equal to the capacitance of second capacitor
512a. In some implementations, the capacitance of each first
capacitor 311a-5114d 1s not equal to the capacitance of the
corresponding respective second capacitor 512a-512d. In
some 1mplementations, a respective first capacitor (e.g.,
5115) of a parallel branch of the variable capacitor 510 1s
substantially equal to the capacitance of a corresponding
respective second capacitor (e.g., 512b), but 1s not equal to
the capacitance of another first capacitor (e.g., 511c) of
variable capacitor 510. In other words, 1n some 1mplemen-
tations, the variable capacitance ol a respective parallel
branch differs from the variable capacitance of another
parallel branch of the variable capacitor 510.

FIG. 5 illustrates the implementation of three parallel
capacitance branches 1n variable transistor 510, however any
number of parallel branches can be implemented in a
variable capacitor as described in this disclosure.

FIG. 6 shows that i1n some embodiments, some or all of
the variable capacitor configurations (e.g., those shown in
FIGS. 1, 2A-2B, 4 and 5) can be implemented, wholly or
partially, 1n a module. Such a module can be, for example,
a Iront-end module (FEM). In the example of FIG. 6, a
module 600 can include a packaging substrate 602, and a
number ol components can be mounted on such a packaging
substrate 602. For example, an FE-PMIC component 604, a
power amplifier assembly 606, a match component 608, and
a multiplexer assembly 610 can be mounted and/or 1mple-
mented on and/or within the packaging substrate 602. Other
components such as a number of SMT devices 614 and an
antenna switch module (ASM) 612 can also be mounted on
the packaging substrate 602. A variable capacitor system
607 can also be mounted on the packaging substrate 602.
Although all of the various components are depicted as
being laid out on the packaging substrate 602, 1t will be
understood that some component(s) can be implemented
over or as part of other component(s).

In some 1implementations, a device and/or a circuit having,
one or more features described herein can be included 1n an
RF electronic device such as a wireless device. Such a
device and/or a circuit can be implemented directly in the
wireless device, 1n a modular form as described herein, or in
some combination thereof. In some embodiments, such a
wireless device can include, for example, a cellular phone,
a smart-phone, a hand-held wireless device with or without
phone functionality, a wireless tablet, etc.

FIG. 7 depicts an example wireless device 700 having one
or more advantageous features described herein. In the
context of a module having one or more features as
described herein, such a module can be generally depicted
by a dashed box 600, and can be implemented as, for
example, a front-end module (FEM).

Referring to FIG. 7, power amplifiers (PAs) 720 can
receive their respective RF signals from a transceiver 710
that can be configured and operated 1 known manners to
generate RE signals to be amplified and transmitted, and to
process received signals. The transceiver 710 1s shown to
interact with a baseband sub-system 708 that 1s configured
to provide conversion between data and/or voice signals
suitable for a user and RF signals suitable for the transceiver
710. The transcerver 710 can also be in communication with
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a power management component 706 that 1s configured to
manage power for the operation of the wireless device 700.
Such power management can also control operations of the
baseband sub-system 708 and the module 600.

The baseband sub-system 708 1s shown to be connected to
a user mtertace 702 to facilitate various input and output of
voice and/or data provided to and recerved from the user.
The baseband sub-system 708 can also be connected to a
memory 704 that 1s configured to store data and/or mnstruc-
tions to facilitate the operation of the wireless device, and/or
to provide storage of information for the user.

In the example wireless device 700, outputs of the PAs
720 are shown to be matched (via respective match circuits
722) and routed to their respective diplexers 724. Such
amplified and filtered signals can be routed to an antenna
716 (or multiple antennas) through an antenna switch 714
for transmission. In some embodiments, the diplexers 724
can allow transmit and receive operations to be performed
simultaneously using a common antenna (e.g., 716). In FIG.
7, recerved signals are shown to be routed to “Rx” paths (not
shown) that can include, for example, a low-noise amplifier
(LNA).

A number of other wireless device configurations can
utilize one or more features described herein. For example,
a wireless device does not need to be a multi-band device.
In another example, a wireless device can include additional
antennas such as diversity antenna, and additional connec-
tivity features such as Wi-F1, Bluetooth, and GPS.

Unless the context clearly requires otherwise, throughout
the description and the claims, the words “comprise,” “com-
prising,” and the like are to be construed in an inclusive
sense, as opposed to an exclusive or exhaustive sense; that
1s to say, 1n the sense of “including, but not limited to.” The
word “coupled”, as generally used herein, refers to two or
more elements that may be either directly connected, or
connected by way of one or more intermediate elements.
Additionally, the words “herein,” “above,” “below,” and
words of similar import, when used 1n this application, shall
refer to this application as a whole and not to any particular
portions of this application. Where the context permits,
words 1n the above Description using the singular or plural
number may also include the plural or singular number
respectively. The word “or” 1n reference to a list of two or
more 1tems, that word covers all of the following interpre-
tations of the word: any of the items 1n the list, all of the
items 1n the list, and any combination of the 1tems 1n the list.

The above detailed description of embodiments of the
invention 1s not mtended to be exhaustive or to limit the
invention to the precise form disclosed above. While specific
embodiments of, and examples for, the invention are
described above for illustrative purposes, various equivalent
modifications are possible within the scope of the invention,
as those skilled 1in the relevant art will recognize. For
example, while processes or blocks are presented 1n a given
order, alternative embodiments may perform routines hav-
ing steps, or employ systems having blocks, 1n a different
order, and some processes or blocks may be deleted, moved,
added, subdivided, combined, and/or modified. Each of
these processes or blocks may be implemented in a variety
of different ways. Also, while processes or blocks are at
times shown as being performed 1n series, these processes or
blocks may instead be performed in parallel, or may be
performed at different times.

The teachings of the mvention provided herein can be
applied to other systems, not necessarily the system
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described above. The elements and acts of the various
embodiments described above can be combined to provide
turther embodiments.

While some embodiments of the inventions have been
described, these embodiments have been presented by way
of example only, and are not intended to limit the scope of
the disclosure. Indeed, the novel methods and systems
described herein may be embodied 1n a variety of other
forms; furthermore, various omissions, substitutions and
changes 1n the form of the methods and systems described
herein may be made without departing from the spirit of the
disclosure. The accompanying claims and their equivalents
are mtended to cover such forms or modifications as would
tall within the scope and spirit of the disclosure.

What 1s claimed 1s:

1. A variable capacitor having a varnable capacitance
between a first node and a second node, the variable capaci-
tor comprising:

a switch having a first terminal and a second terminal, an
impedance between the first terminal and the second
terminal being controllable via a first control node, the
switch mncluding two or more transistors;

a first capacitor coupled between the first terminal and the
first node; and

a second capacitor coupled between the second terminal
and the second node.

2. The variable capacitor of claim 1 wherein the switch
includes a first transistor having a source coupled to the first
terminal and a drain coupled to a source of a second
transistor of the switch, the second transistor having a drain
coupled to the second terminal.

3. The variable capacitor of claim 2 wherein the control
node 1s coupled to a gate of the first transistor.

4. The variable capacitor of claim 3 wherein the control
node 1s coupled to the gate via a first resistor.

5. The variable capacitor of claim 3 wherein the control
node 1s coupled to the source and the drain of the first
transistor via an inverter.

6. The variable capacitor of claim 5 wherein the control
node 1s coupled to the source of the first transistor via a
second resistor and 1s coupled to the drain of the first
transistor via a third resistor.

7. The varniable capacitor of claam 2 wherein the first
transistor includes a field-eflect transistor (FET).

8. The vaniable capacitor of claim 1 wherein a maximum
capacitance of the variable capacitor 1s at least six times a
mimmum capacitance ol the variable capacitor.

9. The varniable capacitor of claim 1 wherein a first
capacitance of the first capacitor 1s substantially equal to a
second capacitance of the second capacitor.

10. The variable capacitor of claim 1 further comprising
an oflset capacitor coupled between the first node and the
second node.

11. The vanable capacitor of claim 1 further comprising:

a second switch having a third terminal and a fourth
terminal, an impedance between the third terminal and
the fourth terminal being controllable via a second
control node;

a third capacitor coupled between the third terminal and
the first node; and

a fourth capacitor coupled between the fourth terminal
and the second node.
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12. The vaniable capacitor of claim 11 wherein the vari-
able capacitance 1s a substantially linear function of a
control word applied to the first control node and second
control node.

13. The vaniable capacitor of claim 1 wherein the switch
has a first impedance 1n an on state 1n response to a high
voltage at the control node and a second impedance 1n an off
state 1n response to a low voltage at the control node, the first
impedance being substantially resistive and the second
impedance being substantially a parasitic capacitance.

14. The vanable capacitor of claim 1 wherein the switch,
first capacitor, and second capacitor are implemented on a
single die.

15. A vaniable capacitor module comprising:

a packaging substrate configured to receive a plurality of

components; and

a variable capacitor implemented on the packaging sub-
strate, the variable capacitor having a variable capaci-
tance between a first node and a second node, the
variable capacitor including a switch having a first
terminal and a second terminal, the switch including
two or more transistors, an impedance between the first
terminal and the second terminal being controllable via
a first control node, the vanable capacitor further
including a first capacitor coupled between the first
terminal and the first node and a second capacitor
coupled between the second terminal and the second
node.

16. The variable capacitor module of claim 15 wherein the
variable capacitor module 1s a symmetric module with
respect to the first node and the second node.

17. The variable capacitor module of claim 15 wherein the
variable capacitance 1s a substantially linear function of a
control word applied to the control node.

18. The variable capacitor module of claim 15 wherein the
variable capacity further comprises a supply node config-
ured to recerve a supply voltage.

19. A wireless device comprising:

a transceiver configured to generate a radio-frequency

(RF) signal;

a front-end module (FEM) 1n communication with the
transceiver, the FEM including a packaging substrate
configured to receive a plurality of components, the
FEM further including a variable capacitor imple-
mented on the packaging substrate, the variable capaci-
tor having a variable capacitance between a first node
and a second node, the variable capacitor including a
switch having a first terminal and a second terminal, the
switch including two or more transistors, an impedance
between the first terminal and the second terminal
being controllable via a first control node, the variable
capacitor further including a first capacitor coupled
between the first terminal and the first node and a
second capacitor coupled between the second terminal
and the second node; and

an antenna in communication with the FEM, the antenna
configured to transmit an amplified version of the RF
signal received from a transmitter system.

20. The wireless device of claim 19 further comprising a

controller configured to control the switch.
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